Actin-based contractility orchestrates changes in cell shape underlying cellular functions ranging from division to migration and wound healing [1] [2] [3] [4] [5] . Actin also functions in intracellular transport, with the prevailing view that filamentous actin (F-actin) cables serve as tracks for motor-driven transport of cargo [1, 6] . We recently discovered an alternate mode of intracellular transport in starfish oocytes involving a contractile F-actin meshwork that mediates chromosome congression [7] . The mechanisms by which this meshwork contracts and translates its contractile activity into directional transport of chromosomes remained open questions. Here, we use live-cell imaging with quantitative analysis of chromosome trajectories and meshwork velocities to show that the 3D F-actin meshwork contracts homogeneously and isotropically throughout the nuclear space. Centrifugation experiments reveal that this homogeneous contraction is translated into asymmetric, directional transport by mechanical anchoring of the meshwork to the cell cortex. Finally, by injecting inert particles of different sizes, we show that this directional transport activity is size-selective and transduced to chromosomal cargo at least in part by steric trapping or ''sieving.'' Taken together, these results reveal mechanistic design principles of a novel and potentially versatile mode of intracellular transport based on sieving by an anchored homogeneously contracting F-actin meshwork.
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Results and Discussion
Oocytes have an exceptionally large nucleus (the germinal vesicle) that stores nuclear proteins for early embryonic divisions [8] . As a consequence, specialized transport mechanisms are required to deliver chromosomes that are initially distributed throughout the nuclear space to the assembling meiotic spindle. We recently showed in starfish oocytes that an actin-dependent process transports chromosomes that are initially scattered in the w80 mm diameter nucleus to within capture range of centrosomal microtubule asters at the cell cortex (or animal pole [AP] ; Figures S1A and S1B, available online). This process, which is essential to prevent chromosome loss and aneuploidy of the egg, involves an extensive F-actin meshwork that forms in the nuclear space and decreases in volume toward the AP during chromosome congression [7] . Our data at that time clearly showed that this contractile meshwork drives chromosome transport but did not allow us to propose a specific mechanism for this novel mode of actin-based transport. In particular, the organization and spatial distribution of contractile activity within the F-actin meshwork, the origin of the directionality of transport, and the mechanism by which this directed motion is transduced to chromosomal cargo remained important unanswered questions.
Chromosome Trajectories Suggest Transport by a Homogeneously Contracting Meshwork
To resolve the mechanism of chromosome transport by F-actin, we first characterized chromosome trajectories during the actin-dependent phase of chromosome congression. High-resolution movies of fluorescently labeled chromosomes ( Figure 1A and Movie S1) enabled automatic tracking of chromosome motion in 3D ( Figure 1B ; for details see Experimental Procedures). Trajectories exhibited two previously identified phases of poleward motion: an initial slow, actin-driven phase that begins just after nuclear envelope breakdown (NEBD) followed by a faster, microtubule-driven phase that begins w10 min after NEBD [7] ( Figure 1C ). Quantitative analysis of the actin-driven phase of motion confirmed and extended previous qualitative observations: chromosomes begin to move simultaneously w1 min after NEBD and each chromosome maintains a nearly constant poleward speed throughout the transport process ( Figure 1C and Figures S1C and S1D ). Quantitative analysis additionally revealed a novel and unexpected property of this actin-driven transport process: the constant poleward speed of each chromosome depends linearly on its initial distance from the AP ( Figure 1D and Figure S1E ). This property rules out a number of models that could have explained contraction of the F-actin meshwork, including localized contractile activity at the AP, which would result in equal poleward speeds for all chromosomes (see Supplemental Results and Discussion for discussion of other models). Instead, poleward chromosome speeds that depend linearly on initial distance from the AP imply that contractile activity is distributed homogeneously throughout the F-actin meshwork ( Figure 1F ).
Important corollary predictions of homogeneous contraction are that any two points in the meshwork (e.g., any pair of chromosomes) should exhibit a constant relative speed of travel toward one another during the congression process and that this speed should depend linearly on their initial separation distance. Analysis of pairwise chromosome approach velocities confirmed this prediction ( Figure 1E) . Furthermore, the fact that this is true for all pairs of chromosomes irrespective of their initial location in the nuclear space implies that the contraction is isotropic; i.e., it does not have an intrinsic, preferred directionality.
Transport Dynamics of the F-Actin Meshwork Confirm the Homogeneous Contraction Model
To test whether motion of the F-actin meshwork is consistent with the homogeneous contraction model suggested by chromosome trajectories, we imaged F-actin at high resolution in live oocytes by using the utrophin calponin homology domain (UtrCH [9] ) (Figure 2A , Movie S2, and see Supplemental Results and Discussion for details). Kymograph analysis reveals that F-actin bundles form throughout the nuclear space 0-2 min after NEBD and subsequently begin to ''flow'' in a directed manner toward the AP ( Figure 2B ). As the meshwork flows toward the AP, it is continuously replenished by bundles originating at the nuclear envelope (NE) remnants ( Figure 2B , arrowheads). The spatial segregation between the original F-actin bundles and the bundles newly produced at the NE boundary can be visualized directly by pulse labeling the first actin filaments with fluorescent phalloidin injected into the nuclear space ( Figure S2C ).
Manual tracing of meshwork nodes in kymographs indicates that F-actin structures maintain approximately constant speeds toward the AP and that these speeds are linearly dependent on the initial distance of each structure from the AP ( Figure 2C ). This finding is corroborated by automated image correlation spectroscopy (ICS), which demonstrates that the local F-actin meshwork speed increases linearly with distance from the AP ( Figure 2D ). These quantitative observations are fully consistent with the homogeneous and isotropic meshwork contraction model. Furthermore, the slope of the velocity-distance dependence measured for the F-actin meshwork (0.063 min 21 and 0.069 min 21 , respectively, for kymographs and ICS) is within measurement error of values obtained from chromosome trajectories (0.067 6 0.025 min 21 ), thus suggesting that this homogeneous meshwork contraction directly drives chromosome transport.
The fact that the meshwork fills the nuclear space throughout the contraction process implies a balance between the rates of meshwork contraction and new filament production at the membrane boundary. To investigate this interdependence, we used latrunculin B to acutely block new filament polymerization by sequestering G-actin monomers. Surprisingly, the arrest in new filament production at the membrane boundary coincided with accelerated meshwork contraction ( Figure 2E and Movie S3) with speeds up to 10-fold higher than in control oocytes. This result suggests that the meshwork is capable of driving contraction at rates considerably higher than normally observed but that its contractile force is restrained mechanically by attachment to the membrane boundary through newly produced filaments. In support of this hypothesis, the membrane boundary is observed to recoil when new filament production stops ( Figure 2E , inset, and Movie S3).
Directed Transport Is Achieved by Meshwork Anchoring
Next, we asked how homogeneous, isotropic contraction of the F-actin meshwork is converted into the observed asymmetric, directional transport toward the AP. The center of mass of a homogeneously contracting meshwork will move in a directional manner if one side of the meshwork is attached to a fixed point ( Figure 1F ). Thus, we hypothesized that mechanical anchoring of the F-actin meshwork to cortical F-actin would be sufficient to drive net meshwork transport toward the cortex. We tested this prediction by centrifuging oocytes [10] in order to relocate the nucleus away from the cortex and thereby remove any cortical anchoring. In support of the cortical anchoring model, relocating the nucleus to the center of the oocyte resulted in symmetric transport of chromosomes to the center of the nuclear region ( Figure 3A , middle). Interestingly, centrifugation of the nucleus to within w5 mm of the cortex opposite the AP restored directionality: chromosomes were transported toward the nearest point on the cortex ( Figure 3A, lower) . Importantly, in all cases pairwise chromosome approach velocities are still linearly dependent on their initial separation distances and the slopes of this dependence are indistinguishable from control oocytes (Figure 3A) . Taken together, these results support the proposed model in which mechanical anchoring to the cell cortex converts homogeneous contraction of the F-actin meshwork into asymmetric, directed transport ( Figure 1F) . These data additionally demonstrate that the AP, centrosomes, and microtubules ( Figure S3 ) are not required for asymmetric transport, which is determined solely by proximity of the nucleus to the cortex. A simple explanation for these observations is that the anchor consists of actin filaments that physically connect the meshwork to cortical F-actin. This hypothesis is supported by the fact that accelerated meshwork collapse coincides with loss of directional transport in latrunculin B treated oocytes ( Figure 2E ) and that F-actin bundles directly connecting the meshwork to the cell cortex can be visualized in high-resolution images of F-actin at the AP ( Figure 3B ).
Steric Trapping Is Sufficient to Drive Transport
Finally, we sought to answer the question of how the contracting meshwork transduces its motion to chromosomes in order to transport them to the AP. We previously observed that chromosomes develop dense F-actin structures in their vicinity that could potentially serve to attach them to the meshwork via specific binding interactions ( [7] , Figures S2A and S2B) . However, our new high-resolution data reveal that these dense structures are specific to chromosomes located near the NE, and many chromosomes scattered in the nuclear space are transported in the absence of any visible, chromosomespecific F-actin structures ( Figure 4A and Movie S4). This observation suggests that chromosomes may be transported without binding to F-actin simply by steric trapping within the meshwork. To directly test this hypothesis, we injected a dense polydisperse mixture of inert fluorescent beads and bead aggregates into the oocyte nucleus and imaged them in 3D during chromosome congression. We found that the effective volume occupied by these inert particles decreased over time toward the AP, indicating that they were transported by the F-actin meshwork. Moreover, the degree of the volume decrease was particle-size dependent: the effective radius of the space occupied by three different bead size groups decreased linearly over time at a rate that increased with particle size (Figure 4B) . Importantly, the space occupied by Figure 1E , for the chromosome trajectories obtained from each of the three datasets. The x axis indicates initial pairwise distances. (B) Selected frame from a high-resolution time series of the AP in an oocyte expressing mEGFP3-UtrCH. A filament bundle connecting the meshwork in the nuclear region to the cell cortex (red arrowheads) is visible in an inset from the selected frame (middle), and a subsequent frame (bottom) shows a different filament coming into focus. Scale bars: 10 mm.
the largest particle group (with an estimated average diameter of 0.7 mm) decreased with a rate approaching that of chromosomes (w2 mm diameter) imaged in the same cell ( Figure 4B ). To analyze the transport of these large particles, we injected oocytes with large bead aggregates at sufficiently low density to track them over time ( Figure 4C ). Their trajectories revealed a behavior strikingly similar to that of transported chromosomes ( Figures 4D and 4E) . First, bead aggregates synchronously initiate directed poleward transport shortly after NEBD. Second, their poleward speeds remain approximately constant during transport. Third, their poleward and relative pairwise approach speeds are linearly dependent on their initial separation distance and have a slope that is indistinguishable from that of chromosomes within measurement error (0.077 min 21 compared to 0.067 6 0.025 min 21 , Figures  3D and 3E ).
These results demonstrate that the F-actin meshwork can effectively transport cargo without specific binding interactions. The fact that transport efficiency depends on cargo size implies that the force of meshwork contraction is transmitted to cargo at least in part by steric trapping within porous ''cages'' in the meshwork; smaller particles are more likely than large particles to escape through meshwork pores. The bead experiments indicate that efficient capture requires particles of roughly 1 mm diameter, defining an approximate effective mesh-size that is in good agreement with the spacing between bundles visible in high-resolution images of F-actin bundles that constitute the meshwork (Figures 4F  and 4G ). Thus, these visible bundles are likely the structures mediating particle trapping and transport. design principles of a novel and potentially versatile intracellular ''transport machine'' ( Figure 4H ) that is fundamentally distinct from previously observed mechanisms of F-actindriven intracellular transport. In this system, force is generated by isotropic contractile activity that is distributed homogeneously throughout the F-actin meshwork, with a rate of contraction that is limited by physical tethering and filament production at remnant NE membranes. Although the intrinsic meshwork contraction lacks any specific directionality, anchoring of the meshwork to the cell cortex confers directionality to its large-scale motion. Finally, the force of contraction is conveyed to cargo at least in part by steric entrapment of particles larger than the effective mesh-size of the meshwork.
In starfish oocytes, this mechanism is utilized for the essential function of transporting chromosomes to the AP. However, it is tempting to speculate that similar design principles may be used in other intracellular transport processes in various organisms and cell types. This transport system is inherently flexible in that anchoring to cellular structures other than the cortex may direct contractile motion to distinct subcellular locations, and tuning the effective mesh-size could allow for selective transport based on size. Alternatively, specific binding interactions between cargo and the meshwork could potentially enhance the rate and reliability of transport. Notably, in contrast to chromosome transport by microtubules, where re-establishment of severed microtubule-chromosome connections requires significant time and may result in chromosome loss [11] , transport by a space-filling F-actin meshwork may be considerably more robust because of physical entrapment within an extended meshwork.
Elucidating the detailed molecular mechanisms underlying each of the functional components that we have identified in this novel intracellular transport machine is an important goal of future work. In particular, our finding that contractile activity is homogeneously distributed throughout the actin meshwork suggests that the meshwork may be organized into quasiindependent contractile F-actin subunits, as recently also proposed for the contractile ring of C. elegans embryos [12] and stress fibers in cultured mammalian cells [13] . Consistent with our present data, we previously showed that depolymerization is required for contraction [7] ( Figure S2D) ; however, our attempts to test the involvement of myosins have remained inconclusive to date ( [7] , data not shown). Thus, how individual bundles forming the meshwork are organized to generate contractile force and whether this force is generated by actomyosin contractility, depolymerization and/or bundling of actin filaments independent of motor activity [12, [14] [15] [16] , or some combination of each pose important questions to address in future work. It is an intriguing possibility that contractile units similar in structure and composition to those that form flat networks under the cell membrane to mediate cytokinesis or cell migration may alternatively organize into 3D F-actin meshworks to drive intracellular transport.
Supplemental Information
Supplemental Information includes Supplemental Results and Discussion, Supplemental Experimental Procedures, three figures, and four movies and can be found with this article online at doi:10.1016/j.cub.2011.03.002.
